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We present our development of a ZnO:B back reﬂector (BR) with high haze and low absorption for highly
efﬁcient triple-junction thin ﬁlm Si solar modules over a large area (1.11.3 m2). We try to maximize
light trapping by the evaluation of the use of transparent conducting oxide (TCO) and BR for high
efﬁciency. It was veriﬁed that the conﬁguration of SnO2:F front TCO and ZnO:B BR shows better optical
properties than typical conﬁgurations for light trapping due to its high transparency at the front and high
haze at the back. In addition, we noticed that the absorption of the BR has a strong inﬂuence on the solar
modules. We obtained a superior ZnO:B BR with high haze and low absorption by controlling the doping
gas ratio (B2H6/DEZ). As the doping gas ratio of ZnO:B BR decreases, the haze increases due to a rougher
surface morphology, and the absorption decreases due to reduced free carrier absorption. The solar
modules with a ZnO:B BR in a lower doping gas ratio show relatively higher Pmax for the same i-μc-Si
layer thickness. This results from an increased Isc due to higher haze and lower absorption. In addition,
the ZnO:B BR with a low doping gas ratio was found to be effective in reducing the i-μc-Si layer thickness
because there are more chances for trapping the light at the i-μc-Si layer. We could reduce the i-μc-Si
layer thickness by about 28% for the equivalent Pmax level by lowering the doping gas ratio. We
successfully applied the ZnO:B BR with high haze and low absorption into a triple-junction thin ﬁlm
silicon solar cell and achieved a new record, improving on our previous world record.
& 2013 The Authors. Published by Elsevier B.V. All rights reserved.
1. Introduction
The rate of the implementation of thin ﬁlm silicon solar cells
into building integrated photovoltaics (BIPVs) has been gradually
increasing owing to the merits of low manufacturing cost, large
area producibility and elegant design [1]. Thin ﬁlm silicon solar
cells show high actual power output in a hot climate due to a low
temperature coefﬁcient (TCE) [2]. However, the market expansion
of thin ﬁlm silicon solar cells has been limited due to low
conversion efﬁciency. It is important to improve the conversion
efﬁciency, which also lowers the cost of ownership ($/Wp). [1].
A number of research groups have been working on the
improvement of the conversion efﬁciency of thin ﬁlm silicon solar
cells by applying a multi-layer stack [3,4] and functional layers
such as TCO [5–8], anti-reﬂection coatings [9], intermediate
reﬂections [10,11], back reﬂectors (BRs) [12–15], doping layers.
Recently, our research group has achieved world record efﬁciency
in small and large area thin ﬁlm silicon solar cells by merging the
above technologies. We have presented triple-junction thin ﬁlm
silicon solar cells with a stabilized efﬁciency of 13.4% on a
11 cm2 (conﬁrmed by NREL) and a stabilized module power
output of 151 W on a 1.11.3 m2 (conﬁrmed by AIST) [10,16,17].
Multi-junction silicon solar cells show a high conversion
efﬁciency by an effective light utilization using a stack of absorp-
tion layers with different optical bandgap materials efﬁciently
absorbing relevent wavelengths. TCO also plays an important role
in light trapping by transmitting and scattering light into the
absorption layer [18]. Many research institutes have concentrated
on TCO development for a long time to improve the transparency,
haze and electrical conductivity. In view of the optical properties,
there have been attempts to increase the transparency of the front
TCO to increase the amount of incident light into the absorption
layer and to increase the haze to lengthen the effective optical
pathlength [19,20]. The thickness of the absorption layer could be
reduced through these principles. Regarding the electrical aspects,
there have been efforts to improve the electrical conductivity to
enable charge carriers to ﬂow more smoothly.
IMT-EPFL, one of the leading research groups in this ﬁeld, has
concentrated on the use of boron-doped zinc oxide (ZnO:B) by low
pressure chemical vapor deposition (LPCVD) due to its high haze,
and applied ZnO:B as the front TCO and BR [21]. On the other
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hand, IPV-Jülich has been working on sputtered aluminum-doped
zinc oxide (ZnO:Al) for the front TCO and BR [22,23]. Many
research groups have directed their efforts toward achieving high
haze, high transparency and high electrical conductivity of TCO all
at once. However, these three criteria are difﬁcult to fulﬁll
simutaneously. As an example, a thicker layer creates a rougher
surface and higher haze, however, it also decreases the transpar-
ency of the front TCO. The dopants are necessary for ensuring
enough electrical conductivity of the TCO, however, they may
cause free carrier absorption at long wavelengths and eventually
the transparency of the front TCO decreases [24,25]. In short, the
relationships between the haze, transparency and electrical con-
ductivity of the TCO involve trade-offs.
In this work, we have applied a front TCO and BR, separating
their major role into a triple-junction structure in order to improve
the light trapping properties. The front TCO ensures high trans-
parency and high electrical conductivity, while the BR achieves a
high haze. In detail, the front TCO highly transmits light into the
absorption layer while the BR highly reﬂects and scatters light into
the absorption layer simultaneously. Thus, we have tried to
maximize the light trapping in order to improve the performance
of the solar cells and reduce the thickness of the intrinsic
microcrystalline silicon (i-μc-Si) layer through this conﬁguration.
Therefore, as shown in Table 1, we have implemented ﬂuorine-
doped tin oxide (SnO2:F) as the front TCO with the highest
transparency property and ZnO:B as the BR with high haze among
typical materials. Although etched ZnO:Al shows the highest haze,
wet-etching is not possible in the BR production process. More-
over, we have aimed at the development of a ZnO:B BR with high
haze and low absorption to improve the light trapping. The
thickness and doping concentration of the ZnO:B BR were con-
trolled to meet the objective. In this paper, we present the
improved ZnO:B BR properties and the application result of large
area (1.11.3 m2) thin ﬁlm silicon solar modules.
2. Experimental
The ZnO:B ﬁlms were prepared on large area (1.11.3 m2) low
iron glass by using the LPCVD technique. Diethylzinc (DEZ) and
water (H2O) vapor were used as precursor gases and directly
evaporated in the system. Diborane (B2H6) was used as the doping
gas (0.5% diluted in H2). The ZnO:B ﬁlms were deposited at a
temperature between 180 and 190 1C. The thickness and doping
gas ratio (R¼B2H6/DEZ) of the ZnO:B ﬁlms were varied by
controlling the deposition time between 480 and 1440 s and the
B2H6 gas ﬂow between 300 and 1800 sccm.
The ZnO:B BRs were deposited on a stack of glass/SnO2:F/a-Si:
H/a-SiGe:H/μc-Si:H (hydrogenated amorphous silicon/hydroge-
nated amorphous silicon–germanium/hydrogenated microcrystal-
line silicon) for the fabrication of large area (1.11.3 m2) triple-
junction thin ﬁlm silicon solar modules. The p-i-n structure of the
a-Si:H, a-SiGe:H and μc-Si:H layers were deposited via the plasma
enhanced chemical vapor deposition (PECVD) technique as
absorbing layers. The thicknesses of the absorbing layers were as
follows: a top cell (a-Si:H) of 90 nm, middle cell (a-SiGe:H) of
145 nm, and bottom cell (μc-Si:H) of 2.25–4.0 μm. For back
reﬂectors, two conﬁgurations, ZnO:B/White PVB (Polyvinyl
butyral) and ZnO:Al/metal were fabricated. White PVB was lami-
nated on the ZnO:B BR while Ag metal was covered on ZnO:Al to
improve the light reﬂection from the rear side of the modules.
Measurements of the total and diffused optical transmittance
(TT and DT, respectively) and total reﬂectance (TR) of the ZnO:B
ﬁlms on glass were carried out on a UV–vis spectrophotometer
(JASCO V-670) equipped with an integrating sphere. The haze (DT/
TT) was deduced from these measurements. The absorbance,
which is equal to 1-TT-TR, was calculated from TT and TR
measurement done by adding an index matching liquid diiodo-
methane (CH2I2) between the ZnO:B layer and a cover glass to
avoid the roughness inﬂuence. Index matching liquid reduces
Fresnel reﬂection at the ZnO:B surface by its similar reﬂection
index to ZnO:B's. The thickness was measured by a spectroscopic
ellipsometer (Dainippon screen mfg RE-8000). The resistivity of
the ZnO:B ﬁlms was determined by a 4-point probe measurement.
The carrier concentration was evaluated by the hall measurement.
The current voltage characteristics of the solar modules were
measured under a solar simulator (Nishinbo PVS1222i-L) in
standard test conditions (25 1C, AM 1.5 spectrum, 100 mW/cm2).
The external quantum efﬁciency (EQE) of the solar modules was
analyzed by a spectral sensitivity measurement device.
3. Results and discussion
The EQE measurements of triple-juction thin ﬁlm silicon solar
cells, each with different conﬁgurations of the front TCO and BR,
are given in Fig. 1. Our suggested conﬁguration, with SnO2:F front
TCO and ZnO:B BR, was compared with other typical conﬁgura-
tions, SnO2:F front TCO and ZnO:Al BR, and ZnO:B front TCO and
ZnO:B BR. For the front TCO, SnO2:F shows a relatively high
spectral response in the short to middle wavelengths range
(300–700 nm) compared to ZnO:B due to its higher transparency.
It is shown that the use of SnO2:F as a front TCO is beneﬁcial for
obtaining a high spectral response in the 300–700 nm range, while
ZnO:B mostly absorbs wavelengths below 350 nm due to its
narrow optical bandgap of 3.2–3.5 eV [26]. For the BR, which is
also used as a back electrode, ZnO:B shows a higher spectral
response than ZnO:Al in the range of long wavelengths (700–
1100 nm) because of its higher haze. We verify that a conﬁguration
of SnO2:F as the front TCO and ZnO:B as the BR has better optical
properties for the utilization of light due to higher transparency of
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Fig. 1. EQE curves of the triple-junction (a-Si:H/a-SiGe:H/μc-Si:H) thin ﬁlm Si solar
cells with different front TCO and BR conﬁgurations.
Table 1
The transparency and the haze of typical TCOs at 450/650/850 nm.
TCO Transparency (%) Haze (%)
450 nm 650 nm 850 nm 450 nm 650 nm 850 nm
SnO2:F (by APCVD) 87.8 88.6 85.4 14.5 4.7 1.6
ZnO:Al (by RF-Sputter
þWet-etching)
84.5 87.5 83.0 87.3 59.0 30.6
ZnO:B (by LPCVD) 85.8 88.2 86.9 57.8 25.3 11.7
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the front TCO and higher haze of the BR. We have controlled the
haze of the BR based on this front TCO and BR conﬁguration to
improve the efﬁciency and implemented them into solar modules.
Fig. 2(a) shows the haze of the ZnO:B ﬁlms with the thickness
directly deposited on the glass as a function of wavelength. The
doping gas ratio of the ﬁlms was ﬁxed at 0.3. The haze, one of the
major parameters for light trapping in solar cells, indicates the
light scattering capability: the higher the haze, the longer the
optical pathlength. The thicker ﬁlm brings a rougher surface
morphology, larger pyramidal grains and therefore a higher haze.
Fig. 2(b) shows the absorption spectra of the ZnO:B ﬁlms with the
thickness, equal to 1-TT-TR, as a function of wavelength. The
absorption of the ﬁlms linearly increases as the ﬁlm thickness
increases since the thicker layer contains more carrier absorbing
light under the Beer–Lambert law. In the view of the haze, as the
ﬁlm thickness increases, it is expected that Isc would improve due
to the scattering effect of the BR. In the view of absorption,
however, it may cause a loss in the Isc because of the free carrier
absorption of long wavelengths.
Fig. 3 presents the I–V results of the large area (1.11.3 m2)
triple-junction (a-Si:H/a-SiGe:H/μc-Si:H) thin ﬁlm silicon solar
modules with the BR thickness. The maximum power output
(Pmax) of the solar modules gradually increases as the BR thickness
increases. The open circuit voltage (Voc) is constant over all
thicknesses, on the other hand, the ﬁll factor (FF) slightly increases
as the thickness increases and the short circuit current (Isc) slightly
decreases. As the ﬁlm thickness increases, the FF also increases,
which is mainly caused by a lower sheet resistance since the
resistance of the BR decreases. In general, Isc depends not only on
the light scattering but also on other factors such as the device
structure and the grain boundary distribution of the μc-Si ﬁlm.
Therefore, Isc is not directly proportional to the haze. In this paper,
the haze and the absorption have competing effects on the Isc. As
shown in Fig. 2, as the thickness of the ﬁlm increases, the haze
improves the Isc, while the absorption deteriorates the Isc value.
We noticed that these solar modules were strongly inﬂuenced not
only by the haze but also by the absorption of the BR. We have
adjusted the doping gas ratio to control the absorption of the BR.
Fig. 4(a) shows the haze of the ZnO:B ﬁlms with the doping gas
ratio directly deposited on the glass as a function of the wave-
length. The thickness of the ﬁlms was ﬁxed at 2.1 μm. The decrease
of the doping gas ratio increases the haze because the grains of
ZnO:B seem to be larger and rougher without the disturbance of
the dopant in the ﬁlm. This also reduces the absorption of the
400 500 600 700 800 900 1000 1100 1200
0
5
10
15
20
25  2.7um
 2.1um
 1.5um
 1.0um
A
bs
or
pt
io
n 
(%
)
Wavelength (nm)
0
20
40
60
80
100
 2.7um
 2.1um
 1.5um
 1.0um
H
az
e 
(%
)
Fig. 2. (a) The haze and (b) absorption spectra of ZnO:B ﬁlms with different
thicknesses.
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ZnO:B ﬁlms as shown in Fig. 4(b). Fig. 5 shows the bulk carrier
concentration of the ZnO:B ﬁlms as a function of the doping gas
ratios. As the doping gas ratio increases, the carrier concentration of
the ﬁlm increases. A high carrier concentration may result in free
carrier absorption at long wavelengths. As shown in Fig. 4, it is
understood that low absorption at low doping gas ratios come from
the low free carrier absorption due to low carrier concentration.
It seems that the absorption is closly related to the dopant. In
short, ZnO:B ﬁlm with a lower doping gas ratio shows a higher
haze and a lower absorption at the same time. We expect that the
impementation of the ZnO:B BR with a low doping gas ratio into
solar modules could improve Isc. Of course, the high resistance of
the ZnO:B BR may deteriorate the solar module performance in
the case of a too low doping gas ratio.
Fig. 6 presents the I–V results of the large area (1.11.3 m2)
triple-junction (a-Si:H/a-SiGe:H/μc-Si:H) thin ﬁlm silicon solar
modules with the ZnO:B BR doping gas ratio as a function of the
i-μc-Si layer thickness. It is designed to investigate the inﬂuence of
the haze and absorption of the ZnO:B BR on the solar module
parameters. It is considered that the haze and absorption of the BR
strongly inﬂuence the bottom cell performance, especially the
i-μc-Si layer thickness.
At an i-μc-Si thickness of 3 μm, Pmax increases from 160.4 to
162.9 W at a doping gas ratio from 0.3 to 0.1. It is clearly seen in
Fig. 6 that Isc is the main factor contributing to Pmax while Voc and
FF are independent of Pmax over all the i-μc-Si thicknesses. A lower
doping gas ratio brings better light trapping into the i-μc-Si layer
due to the higher haze and the lower absorption of the BR, as
shown in Fig. 4. In the previous research results, the initial Pmax of
our world record solar module was 161 W (151 W at stabilized,
comﬁrmed by AIST). The implementation of the ZnO:B BR with
high haze and low absorption into the solar module results in our
new record, a solar module Pmax result of 162.9 W.
To achieve a Pmax of 161 W, it requires an i-μc-Si layer thickness
of 3.25 μm at a doping gas ratio of 0.3, while the i-μc-Si layer
thickness could be reduced to 2.75 and 2.35 μm for an
equivalent Isc at a doping ratio of 0.15 and 0.1, respectively. This
means that a lower doping gas ratio is also beneﬁcal for light
trapping into the i-μc-Si layer and is effective at enabling a
decrease of the thickness of the i-μc-Si layer. This reduces the
i-μc-Si layer thickness by approximately 28%, which provides a
shorter i-μc-Si layer deposition time and cheaper manufacturing
cost. In short, a low doping gas ratio is favorable for increasing Isc
and decreasing the i-μc-Si layer thickness by improving the light
trapping ability.
4. Conclusions
The ZnO:B BR with high haze and low absorption is applied to a
large area (1.11.3 m2) triple-junction thin ﬁlm silicon solar
module. We have used the SnO2:F front TCO and ZnO:B BR
conﬁguration to maximize the light trapping by high transparency
at the front and by high haze and low absorption at the back. This
front TCO and BR conﬁguration show better light trapping for a
broad range of wavelengths than typical conﬁgurations. The light
trapping ability is conﬁrmed by an EQE measurement.
We have focused on the ZnO:B BR to investigate its inﬂuence on
triple-junction thin ﬁlm silicon solar modules. As the thickness of
the ZnO:B BR increases, the haze and absorption increase simul-
taneously. We have implemented these BRs into triple-junction
(a-Si:H/a-SiGe:H/μc-Si:H) thin ﬁlm silicon solar modules. As the
thickness of the ZnO:B BR increases, the maximum power output
(Pmax) slightly increases due to the combination of a decreased Isc
and an increased FF. It is found that the absorption of the BR
strongly inﬂuences the solar modules. Therefore, we have focused
on the use of a BR with low absorption to improve the Isc of the
solar modules.
We have adjusted the doping gas ratio (B2H6/DEZ) to control
the absorption of the ZnO:B BR. As the doping gas ratio of the ZnO:
B BR decreases, the haze increases due to a rougher surface
morphology, and the absorption decreases due to reduced free
carrier absorption. The solar modules with the ZnO:B BR with a
lower doping gas ratio show a relatively higher Pmax for the same
i-μc-Si layer thickness. This results from an increased Isc due to a
lower absorption and higher haze. Additionally, the ZnO:B BR with
a low doping gas ratio was found to be effective in reducing the
i-μc-Si layer thickness because there are more chances to trap the
light in the i-μc-Si layer. We could reduce the i-μc-Si layer
thickness by about 28% (from 3.25 to 2.35 μm at a doping gas
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ratio of 0.3 and 0.1, respectively) at an equivalent Pmax level by
lowering the doping gas ratio. The ZnO:B BR with high haze and
low absorption, which was achieved by controlling doping gas
ratio, has been successfully implemented into a triple-junction
thin ﬁlm silicon solar cell. We were able to achieve a new record
initial efﬁciency which was higher than our earlier world record
solar module.
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Fig. 6. The results of the triple-junction thin ﬁlm Si solar modules with different ZnO:B BR doping gas ratios as a function of the i-μc-Si thickness.
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